Abstract
Introduction
[Ca ] stimulates Ca dependent synthesis of vasodilati ing factors [3] and gene expression [4] . Changes of 21 In endothelial function, modulation of free cytosolic endothelial [Ca ] are mediated by at least five major i 21 21 calcium ( [Ca ] ) in response to humoral factors or mechanisms [2] : (1) nonspecific leak, (2) Ca ATPases i 21 21 hemodynamic forces [1, 2] is an essential step of intracellu-(3) Ca release from internal stores and Ca entry lar signal transduction. For instance, mobilization of through (4) mechanosensitive or (5) store-operated cation channels (SOCs). 21 The rapid increase of [Ca ] stores has been detected in cultured bovine and human 0.02% EDTA in PBS without Ca and Mg for up to 30 endothelial cells (ECs) [6, 7] thus indicating the presence of min. The enzymatic reaction was stopped by a 5-min 21 21 21 21 superfusion with PBS containing Ca and Mg . Under a ryanodine-sensitive Ca -induced Ca release (CIRC) microscopic control, a slightly rounded HMAEC was then mechanism in the endothelium. 21 selectively fixed by aspiration at the tip of the patch pipette In Ca entry subsequent to receptor / second messenger and mechanically detached from the vessel wall. The activation (for review see [8] [9] [10] ) mammalian homologues enzymatic pretreatment was feasible and efficient to allow of the transient receptor potential (trp) gene originally mechanical removal of up to 15 single HMAECs in 1 h. cloned from Drosophila melanogaster have been impliSingle EA.hy926 were analogously harvested from cell cated. Like trp, all functionally expressed TRP genes code 21 monolayers. for cation non-selective Ca permeable channels. Six human TRP homologues have been cloned so far [11] [12] [13] [14] [15] .
2.3. Reverse transcription TRP1 and TRP4 have been proposed to be store-operated [15] , whereas TRP3 and TRP6 appeared to be insensitive ECs and content (|6 ml) of the patch pipette were to store depletion, but are directly activated by diacylglycexpelled into a test tube containing 1 ml 'first strand' erol as reported recently [15] . Expression of some TRP buffer (Life Technologies), 0.5 ml dNTPs (10 mM each; channels has been detected, although inconsistently so, in Promega), 1 ml 'random' hexamer primer (100 mM; cultured ECs [16] [17] [18] [19] .
Boehringer Mannheim), 1 ml DTT (0.1 M; Life TechDespite these existing data obtained from cultured ECs, nologies) and 0.5 ml RNase-inhibitor (40 U / ml; Promega). function and molecular identity of RyR and TRP channels After one freeze-thaw cycle to induce breakdown of the are still elusive in endothelium of intact human blood ® cell membrane, 0.5 ml SuperScript RT (200 U / ml; Life vessels. Moreover, expression of RyR and TRP genes in Technologies) was added and the final volume (|10 ml) endothelium of differentiated vessels might vary essentialwas allowed to reverse transcribe for 1 h at 378C. ly from that of proliferating ECs kept under highly Thereafter, the total RT product was immediately used for artificial cell culture conditions. Therefore, we set out a the polymerase chain reaction (PCR). In order to exclude study to directly identify and characterize RyR and TRP contamination by non-endothelial mRNA, samples of the channels in intact endothelium of human mesenteric bath solution were aspirated next to the endothelial cells. arteries (MAs). For this purpose, we adapted the single-cell RT-PCR approach in combination with the patch-clamp 2.4. Polymerase chain reaction technique, which allowed a simultaneous molecular biological and functional characterization of RyR and TRP A modified single-cell RT-PCR was performed as channels in situ by avoiding alterations of channel expresdescribed previously [20, 21] . The most efficient PCR sion and function due to cell isolation and culturing. To conditions i.e. primer combination with maximal sensitivicompare channel expression in intact endothelium of MAs ty, MgCl concentration, number of cycles, and annealing with that of cultured ECs, we determined RyR and TRP 2 temperature were determined by using a serial dilution of channel expression in the endothelial cell line (EA.hy926) human mesenteric artery cDNA. Sequence-specific oligooriginated from human umbilical vein ECs.
nucleotide-primers (Tib Mol Biol, Berlin) were selected which yielded no PCR products of expected size from human genomic DNA (50 mg/ml) and of cell samples 2. Methods processed without reverse transcription (n515). The respective primer pairs are listed in Table 1 . In a single-cell 2.1. Preparation and isolation of MAs sample, cDNA of InsP R, RyR and TRP channels were cDNA as an endothelial cell marker and with myosin mm O.D. were excised out of the arterial arcades from heavy-chain (MyHC) cDNA to exclude contamination colon specimens of patients subjected to hemicolectomy.
with smooth muscle cell cDNA. A first 'multiplex' PCR Tissue collection was performed following the guidelines was performed in a final volume of 50 ml containing 5 ml of the the local ethics committee. For patch-clamp experi-PCR-buffer (103), 2 ml dNTPs (10 mM each), 4 ml ments and cell harvesting procedures, vessel slices of 2 MgCl (50 mM), 1 ml of each sense-primer (10 pmol), 1 about 2 mm were fixed on a holding glass capillary and 2 ml of each antisense-primer (10 pmol), |10 ml RT-product, placed in the experimental chamber mounted on the stage and 0.5 ml Taq DNA polymerase (5 U / ml; (all Life of an inverted microscope (Zeiss Axiovert 135).
Technologies) using a programmable Biozym Maxicycler EA.hy926 (a kind gift from C.J.S. Edgell) were grown PTC 9600. Samples were incubated for 5 min at 948C, to confluency on uncoated coverslips. were analyzed on a 2% agarose gel containing ethidium free bath solution contained (in mM): 1 EGTA and 0 bromide. A 50-bp DNA ladder (Life Technologies) was CaCl . 2 used as a molecular weight marker. Identities of the All experiments were performed at 378C. To destroy amplified cDNA fragments were further confirmed by RNA-degrading enzymes all solutions were treated with restriction site analysis and by sequencing using an ABI 0.1% diethylpyrocarbonate (Sigma, Deisenhofen, Ger-377 automatic sequencer (ABI Prism, Weiterstadt, Germany) and autoclaved. Data analysis was performed as many).
described previously [23] . 2 For statistics, the Mann-Whitney U test or x analysis were used as indicated. P values of ,0.05 were considered 2.5. Patch-clamp experiments significant. If not otherwise stated, data are given as mean6S.E. Membrane currents were recorded with a EPC-9 (HEKA, Lambrecht, Germany) patch-clamp amplifier, low-pass-filtered (23 dB, 1000 Hz) at a sample time of 0.5 3. Results ms [22] . The endothelial membrane potential was recorded in the current clamp mode of the EPC9 patch-clamp 3. In HMAECs, expression of TRP1 was detected in 24 of investigated using the 'multiplex' RT-PCR approach. samples (20 of 26; 77%) was higher than in HMAECs (n514), which lasted for up to 5 min (Fig. 2A) . A similar (P,0.001). Expression of TRP3 as well as of TRP4 and hyperpolarization response from 226 mV68 S.E. to 251 TRP6 was not detected in EA.hy926. mV66 S.E. (n54) could be evoked by caffeine (0.5 mM, Fig. 2B ). In EA.hy926 application of bradykinin, but not 21 21 
Ca release and Ca entry dependent changes of of caffeine induced a comparable hyperpolarization (data membrane potential in intact endothelium
not shown). Agonist-induced hyperpolarization of HMAECs is completely suppressed by CTX, a blocker of 21 Prior to molecular biological studies, we conducted Ca -activated potassium channels [16, 20] . Function and 21 patch-clamp experiments in each vessel preparation to expression of these Ca -activated potassium channels in 21 21 characterize the function of Ca -influx and Ca -release endothelium of human MAs have recently been described channels. To monitor changes of free cytosolic calcium, in more detail [20] . 21 we measured endothelial resting potentials and agonistFor a functional characterization of store-operated Ca 21 induced membrane potential changes induced by Caentry, we conducted a series of current clamp experiments 21 21 release and subsequent stimulation of Ca -activated ion in the absence or presence of extracellular Ca . In the 21 21 channels which served as physiological Ca sensor absence extracellular Ca , endothelial membrane poten- [20, 24, 25] . After obtaining stable electrical access high tial was shifted to more positive values (24 mV61 S.E., capacitance values of .500 pF indicated an intact electrin513). Under these conditions, application of bradykinin cal coupling of HMAECs. Application of bradykinin (100 induced a transient hyperpolarization to 213 mV64 S.E. nM) induced hyperpolarization of the cell membrane from mV (n511), which lasted for 10-20 s. After repetitive a resting potential of 228 mV63 S.E. to 246 mV64 S.E. agonist stimulation endothelial hyperpolarization was ab- (Fig. 2C ). Subsequent to emptying of Ca stores, periments with a NaCl pipette solution, activation of 21 1 reapplication of extracellular Ca (1 mM, n55) resulted single-channel currents carried by Na were observed 21 in Ca influx as deduced from the rapid repolarization to within 30 s of the application of 100 nM bradykinin to the 246 mV610 S.E. (Fig. 2D) . Repolarization was almost bath solution (Fig. 3a) . In excised membrane patches with (Fig. 3b) . Permeability ratios for K :Na and 21 1 Ca :Na were 1:1 and 0.1:1, respectively, as calculated To further characterize the currents underlying storefrom reversal potentials of 21 mV and 237 mV, respecdepletion-induced membrane potential changes, we contively, by using the Goldmann-Hodgkin-Katz equation 31 ducted single-channel and whole-cell patch clamp experi- [12] . In five experiments application of Gd (20 and 100 ments in intact endothelium and single uncoupled mM) to the cytosolic face of the membrane resulted in a of whole-cell currents after stimulation with 100 nM bradykinin (g). Dose-dependent block of non-selective whole-cell currents by Gd (h). 21 be very low in HMAECs, since expression was detected in TRP channel, IP R1, and RyR3 expression pattern in 3 only 3% of the cells. Expression of TRP4 and TRP6 genes HMAECs in situ. It is tempting to speculate that this might could not be observed in endothelium of human MAs. The indicate the presence of specialized HMAECs for agonistfinding of TRP1 expression in HMAECs is consistent with induced signaling in the endothelial monolayer. the apparently wide tissue distribution of this gene [29] In summary, we established combined single cell RTwhereas expression of TRP3, TRP4, and TRP6 have been PCR and patch-clamp analyses in situ to characterize 21 21 suggested to be more restricted to brain [30] . putative Ca -influx channels and Ca -release channels The discrepancy between expression of TRP genes in of the ER in single HMAECs from very small vessel HMAECs and that found in isolated and cultured human specimens by avoiding alterations due to cell culture. We 21 ECs [16, 17] could be due to alterations of expression of demonstrated expression of the putative Ca influx 21 TRP channels as a consequence of cell isolation and cell channels TRP1 and TRP3 and endoplasmic Ca release culture. The differences in channel expression in situ and channels InsP R1 and RyR3 at the single-cell level. In 3 21 21 in cell culture strongly suggests that ion channel expresaddition to InsP mediated Ca store depletion, Ca 3 21 sion in cultured ECs does not necessarily reflect the in vivo release from ryanodine-sensitive stores and Ca entry situation. This suggestion is further supported by our through TRP1 / 3 channels might represent important com- 21 observation that expression of TRP1 in EA.hy926 seems to ponents of endothelial Ca signaling and thereby of be considerably higher than in HMAECs and expression of endothelial function in human blood vessels. TRP3 is not detectable in this cell line. These findings of high TRP1 expression and missing TRP3 expression suggest that, compared to native ECs, expression of ion Acknowledgements channel is considerably altered in EA.hy926 which might be due to artificial culture conditions, such as exposure to This work was supported by the Deutsche Forschungs-FCS containing high levels of a variety of growth factors.
gemeinschaft (FOR 341 /1/5/7, HO 1103 / 2-4). In patch clamp experiments in HMAECs, we detected activation of single cation channels after agonist stimulation and activation of whole-cell cation currents by infu- 21 21 sion of InsP or Ca . The non-selective Ca -permeable 3
